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single neurons in the perirhinal cortex in a rhesus monkey (Macaca mulatta) performing a delayed matching-to-sample task with up to four intervening stimuli. Certain neurons (40 of 90 analyzed) showed a smaller response to an image when it was shown the second time within a trial (as a match image) than when it had been shown (as a sample image) the first time. A new finding was that the perirhinal cortex neurons were actively reset between trials" when a particular image was shown as a sample on a succeeding trial, the response was much larger than when it had been shown as a match image a short time previously on the previous trial. This resetting between trials appears to reflect the operation of an active working memory process rather than a passive temporal decay in a neuronal response. The results thus provide evidence that the perirhinal cortex plays an active role in visual working memory, perhaps in association with other brain areas such as the prefrontal cortex.
INTRODUCTION
The perirhinal cortex receives connections from the inferior temporal visual cortex (IT) and also from olfactory and somatosensory cortical areas . Lesion studies show that the functions of the perirhinal cortex are different from those of the inferior temporal visual cortex. For example, macaques with lesions of the middle temporal gyrus (part of TE/IT) were severely impaired in a color discrimination task, whereas monkeys with perirhinal lesions were unimpaired on this task. Nevertheless, in a delayed nonmatching-to-sample task with delays and extended list lengths, monkeys with perirhinal cortex lesions were severely impaired both in relearning the basic delayed nonmatching-to-sample task and on the postoperative performance test. In contrast, monkeys with TE lesions were only mildly affected in relearning the basic nonmatching task and were unimpaired on the postoperative performance test (Buckley et al., 1997) Previous studies in which single neurons were recorded showed that perirhinal cortex neurons respond to visual stimuli in a way that does not reflect the identity of the stimulus, but that can for different neurons reflect whether stimuli are novel, are familiar, or have been seen very recently (Miyashita et al., 1996; Miyashita et al., 1998 (Booth & Rolls, 1998 After the experiments were done, 12 marker microlesions were made by passing current (100pA for 100 s) through microelectrodes at sites that were measured in the X-ray coordinate system being used. The monkey was anesthetized and cardially perfused with saline and formaline. The brain was fixed in buffered formaline (10%), left in a 30% sucrose solution over night, and then cut on a cryostat. Sections were stained with cresyl violet stain, the location of the lesions was identified, and the recording sites of all neurons were reconstructed using the histology, the corresponding X-rays, and the X-rays on other tracks, as described in Feigenbaum & Rolls (1991) . The recording sites are shown in Fig. 7 .
RESULTS
Recordings were made from 154 neurons in 39 daily recording sessions during the performance of the delayed match to sample task. The results are described in terms of four different experiments. The experiments were run in successive periods occupying up to several weeks each, given that tracks were not run at weekends.
Experiment 1"
Of 50 neurons analyzed for stimulus selectivity, 6 responded selectively to some of the presented images with an increase in firing rate more than to other images (evaluated by a KruskalWallis nonparametric test (p<0.001) with a MannWhitney post-hoc test, *=p<0.05, **= p<0.01). All six neurons showed a smaller response to a stimulus the second time it was shown within a trial when compared with the first (see Fig. 2 In Experiments 2-4, a new set of images, which included images of the same object viewed from different angles, was introduced in each experiment for use with the delayed match-tosample task. These cells were driven by visual stimuli, but most cells were not stimulus selective, and the analysis focused on the difference between the response of the neurons to the sample and to the later images within a trial.
Consistent with what we found in Experiment 1, of the 40 analyzed neurons, 34 responded more to an image when it was the sample than when it was the match on a given trial, and in addition 'reset' their responses between trials so that they responded more to the sample than to the match presentation of an image even when the image had been shown very recently as the match image on the preceding trial. Whereas firing rates were reduced when presenting an image twice within a trial, this reduction disappeared by the start of the next trial (see Fig. 4 ; p < 0.001 in a Kruskal-Wallis test; * p < 0.01 and **= p < 0.005 in a Wilcoxon post-hoc test).
When analyzing the effect of intervening images between sample and match image on the modulation of neuronal activity, it was found that up to two images could be inserted between the sample and match images without affecting the modulatory response (see Fig. 5 posterior to (P) the sphenoid (see Feigenbaum & Rolls, 1991) .
DISCUSSION
The novel observation in this study was that neuronal responses in the macaque perirhinal cortex were not only modulated on a short-term basis with a trial, with a greater response to a sample than to a match image, but could be reset between trials. As shown in Experiments (Fig.  2a, 2b) and Experiments 2 to 4 (Fig. 4) , neuronal responses to images presented a second time within a trial (as a match stimulus) were greatly reduced. When the trial was over, however, the neuronal responses appeared to be 'reset', so that the same image presented as a sample on the next trial elicited a large response. It was found that this occurred even when the delay between the presentations of a particular image was much less between trials than within a trial. This resetting mechanism appears to be independent of the position of the image within the trial. When a familiar image is shown the first time on position two (as a match image), firing rates are high. When a second familiar image is shown later in the trial, firing rates are reduced. In the next trial, firing rates are high again. This shows that the firing rate modulating mechanism is not simply a 'sample image detector' that only indicates the first image position in a trial, but that the type of image (familiar vs. novel) is coded in the modulation. Some other studies have described neurons that responded particularly to images that were shown very recently to the monkey ('recency neurons', see Brown and Xiang, 1998; Xiang and Brown, 1998) . Taken together, the evidence presented here and in the other studies suggests that the perirhinal cortex (in conjunction with area TE, see Baylis and Rolls, 1987; Buffalo et ai., 1999; Rolls and Deco, 2002 ) plays a pronounced role in the short term memory for visual information. The investigation described here provides evidence that the perirhinal cortex is actively involved in this short term memory process, rather than passively reflecting the recency with which a particular stimulus has been seen.
To consider this point more fully, the observations made in the present study show that the response changes of perirhinal cortex neurons found in short term memory tasks are not just simple decay-related effects. As shown in Fig. 3b , the delay within a task between showing an image the first (sample) and the second (match) time within a trial can be longer than the delay between showing the image as a match image on one trial and showing the same image again as the sample on the next trial. In this situation, the neurons can respond more to the image when it is being shown as a sample in the match-to-sample task, and the neuronal responses cannot be accounted for simply by a time-related decay function. There appears to be active resetting between trials of the short term memory task. On this evidence (see Figs. 2 to 4) , one has to assume that the resetting is dependent on the beginning and ending of the trial, and therefore has working-memory qualities.
Further support for the proposal that the perirhinal cortex plays a role of in working memory is provided by the work of Miller et al. (1991a; 1991 b; 1993) who showed that the responsiveness of neurons decreases with repeated stimulus presentation at interstimulus intervals of 2s but not at intervals longer than .6s. The neuronal responsiveness recovered after a 5-rain period of no stimulus presentation. In addition to this shortterm memory process, they also found an active enhancement of neuronal response that followed working memory-like dynamics. In addition, resetting of neuronal response modulation in a working memory-like fashion has been observed in the IT by others (see Suzuki, 1999 , for a review). Further evidence for a role of the perirhinal cortex in short-term visual memory storage was also found in a lesion study. Rhesus monkeys with perirhinal cortex lesions were impaired in a delayed matching to sample task if a delay of up to 4 s was used. No impairment was found at longer delays (Hampton & Murray, 2000) . Because there are anatomical connections between the perirhinal cortex and the prefrontal cortex (Liu & Richmond, 2000) . Additional studies also emphasized that attention plays an important role in the modulation of neuronal responses in perirhinal cortex (Chelazzi et al., 1998; Liu & Richmond, 2000) .
The results of these studies demonstrate that the perirhinal cortex is not just involved in the visual analysis or discrimination of images but also involved in the analysis of visual events according to their role in a task. The evidence thus suggests that activity in the perirhinal cortex is directly modulated by cortical areas that direct and modulate levels of attention and keep track of the complex temporal and logical schedules that are involved in tasks such as delayed match-to-sample tasks. The origin of this modulatory influence could be the prefrontal cortex (Rolls & Deco, 2002 
